Electro— optic control of atom— light interactions using Rydberg dark— state polaritons 
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We demonstrate a multiphoton Rydberg dark resonance where a A-system is coupled to a Rydberg 
state. This TV-type level scheme combines the ability to slow and store light pulses associated with 
long lived ground state superpositions, with the strongly interacting character of Rydberg states. 
For the nd$/2 Rydberg state in 87 Rb (with n — 26 or 44) and a beam size of 1 mm we observe a 
resonance linewidth of less than 100 kHz in a room temperature atomic ensemble limited by transit- 
time broadening. The resonance is switchable with an electric field of order 1 Vcm -1 . We show 
that, even when photons with different wavevectors are involved, the resonance can be Doppler-free. 
Applications in electro-optic switching and photonic phase gates are discussed. 

PACS numbers: 03.67.Lx, 32.80.Rm, 42.50.Gy 



As photons are the most robust carriers of quantum 
information there is considerable interest in developing 
single-photon sources, memories and gates. The stor- 
age and retrieval of single photons using electromagneti- 
cally induced transparency (EIT) Gl in both laser cooled 
and thermal atomic ensembles [3( have been demon- 
strated experimentally. These experiments employ the 
dark-state polariton concept where the photon is evolved 
into a single atomic spin excitation and back into a pho- 
ton 0]. Dark-state polaritons employ three atomic en- 
ergy levels where two ground states are coupled via an 
excited state forming a A-system. The attractive feature 
of this level scheme is that the ground state coherence 
is long lived allowing photon storage times of order mi- 
croseconds 

In principal, deterministic photon gates could be re- 
alized using a large non-linearity at the single-photon 
level. Enhanced Kerr non-linearities have been predicted 
in a medium displaying EIT [f| , and have been observed 
in experiments on cold atoms @, 0]. However, achiev- 
ing a sufficiently large non-linearity and matched group 
velocities for both photon pulses [8j], without introduc- 
ing pulse distortion remains a problem. Recent theoreti- 
cal work has focussed on possible solutions based on fre- 
quency and intensity tuning [9] , tight confinement of the 
light pulse [T(J, enhancing the interactions using Rydberg 
states [l]} and double EIT pjj]. The strongly interact- 
ing character of Rydberg atoms [l3| makes them particu- 
larly attractive for achieving entanglement, as discussed 
in the context of fast quantum gates for atoms [l4], • 
Recently, we showed that it is possible to map the prop- 
erties of Rydberg atoms, such as their high sensitivity to 
electric fields, onto a strong optical transition from the 
ground state using a ladder EIT scheme [lj|. Theoreti- 
cal calculations suggest that this level configuration could 
produce a cross phase modulation of 7r for counterpropa- 
gating single-photon pulses in a dense ultra-cold atomic 
ensemble providing a possible scheme for the realization 
of a photon gate [111 ]. 

In this paper, we propose and demonstrate a multipho- 
ton Rydberg dark resonance where a A-system is coupled 
to a Rydberg state. This TV-type level scheme combines 



the attractive features of both ground state dark-state 
polaritons Q and Rydberg states, i.e., the ability to slow 
and store light pulses 0, H[ and the strong interactions 
associated with Rydberg atoms For the nd 5 / 2 Ry- 
dberg state (with n = 26 and 44) in 87 Rb and a beam 
size of 1 mm we observe a resonance linewidth of less 
than 100 kHz in a room temperature vapor. We show 
that the Rydberg dark resonance is switchable with an 
electric field of order 1 Vcm -1 , and hence the strongly 
interacting properties of Rydberg states can be mapped 
onto the ground state coherence. Finally, we show that 
the Rydberg dark resonance can be Doppler-free creating 
the potential for the realization of efficient electro-optic 
single-photon devices using thermal atomic vapors. 

The energy levels of 87 Rb used for the experimental 
demonstration of the multi-photon Rydberg dark reso- 
nance are shown in Fig. 1(a). A A-system (|1) — * 2) — > 
1 3)) is formed by a weak probe beam with Rabi frequency 
fl 2 i resonant with 5s 2 Si/ 2 (F = 1) -» 5p 2 P 3 / 2 (F' = 2) 
transition and a strong coupling beam with Rabi fre- 
f2.i2 resonant with the 5s 2 Si/ 2 (F = 2) — > 



quency 



5p 2 P3/ 2 (F' = 2) transition. The coupling beam is de- 
rived from a commercial 780.24 nm extended cavity diode 
laser that is locked directly to the F = 2 — > F' = 2 res- 
onance using polarization spectroscopy [13] • A fraction 
of the coupling beam is passed through an electro-optic 
modulator (EOM) that adds sidebands at 6.8 GHz. A 
slave laser is injection locked onto the upper sideband 
to obtain the probe beam. A high spectr al p urity is ob- 
tained by using a double injection scheme [18|. The probe 
beam can be scanned through the F = 1 — > F' = 2 reso- 
nance by changing the drive frequency of the EOM. The 
probe and coupling beams are combined on a polariza- 
tion beamsplitting cube and coupled into a polarization 
maintaining single mode fiber. The output of the fibre is 
collimated and propagates through a room temperature 
Rb cell of length 75 mm as shown in Fig. 1(b). The 
probe and coupling beams have a waist of 1.3 mm (1/c 2 
radius) and powers of 10 fiW and 35 /iW, respectively. 

The A-system is coupled to a Rydberg state using a 
2-photon excitation scheme as shown in Fig. 1(a). The 
first step is formed by a 780.24 nm beam resonant with 
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FIG. 1: (a) Level scheme used for the experimental demon- 
stration of a 4-photon Rydberg dark resonance: The A- 
system (|1) — » |2) — » |3}) is coupled to a Rydberg state, |5) 
using a 2-photon transition via an intermediate state, |4). 
The absorption or dispersion of the medium is detected on 
the transition |1) — > |2) using a probe beam with Rabi fre- 
quency fi2i- (b) Schematic of the experimental set-up. The 
A-system beams (orange and blue) co-propagate with the 
second step of the Rydberg excitation (red). The first step of 
the Rydberg excitation (purple) is counter-propagating. 
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FIG. 2: Experimental measurement of the change in transmis- 
sion, AT, associated with (a) the A-system, |1) — > \2) — > |3) 
and (b) the Rydberg dark resonance signal corresponding to 
the difference between the A-system resonance with Rydberg 
coupling (n — 26) on and off. The Rydberg dark resonance is 
measured with a lock-in amplifier and is two order of magni- 
tude smaller than the A-system resonance. 



the 5s 2 S 1/2 (F = 2) 5p 2 P 3 / 2 (F' = 3) transition 
that is derived by shifting the coupling light using two 
acousto-optic modulators (AOMs). The laser power in- 
cident on the cell is 40 pW. The second step is derived 
from a commercial frequency doubled diode laser sys- 
tem (Toptica TA-SHG) at 480 nm that is resonant with 
5p 2 P3/ 2 (^' = 3) -> nd 2 D 5/2 (F") transition (the nd 
state hyperfine splitting is not resolved). The 2-photon 
resonance is driven by counter-propagating beams in the 
vapor cell with the 2nd step co-propagating with the 
A-system beams as in Fig. 1(b). The 480 nm beam 
has a power of 140 mW and a waist of 0.8 mm (1/e 2 
radius). The waist size is a trade-off between mode- 
matching with the 780 nm beams and achieving a high 
Rabi frequency. The Rb vapor cell is placed between two 
copper bar electrodes and inside a single layer magnetic 
shield. The 480 nm laser is frequency stabilized using a 
ladder system Rydberg EIT signal [16| in a second Rb 
vapor cell. From the EIT error signal the line width of 
the 2-photon resonance is ~ 150 kHz. 

The spectrum corresponding to the A-system reso- 
nance is shown in Fig. 2(a). The line width of ~ 70 kHz 
is limited mainly by transit time broadening. To isolate 
the effect of the Rydberg coupling on the A-system we 
modulate the amplitude of the 480 nm laser at 35 kHz 
and monitor the probe signal using a lock-in amplifier. 
The lock-in signal which corresponds to the change in 
the A resonance when the Rydberg coupling is switched 
on and off is shown in Fig. 2(b). This signal disappears 
when any one of the four beams involved is blocked. 

To understand the shape of the observed Rydberg dark 
resonance signal and establish how the effect may be op- 
timized in both thermal and ultra-cold atomic ensembles 
we have solved the optical Bloch equations for the 5-level 



system. The 5-level Hamiltonian may be written as 
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where the labels 1 to 5 refer to the states 5s 2 Si/ 2 {F = 1), 
5p 2 P 3 /2(^ = 2), 5s 2 S 1/2 (F = 2), 5p 2 P 3/2 (F> = 3) 
and 44d 2 D 5 / 2 , respectively, as in Fig. 1(a), Ay and 
flij are the detuning and Rabi frequency between states 
i and j, k\ and k 2 are the wavevectors of the 780 and 
480 nm beams, k' = k\ — k 2l and v is the atomic velocity. 
The population in state i and coherence involving state 
i decay at a rate ji and 7i/2, respectively. Note that 
this is not a complete description of the experiment as 
the hyperfine splitting of the 5p 2 P 3 / 2 state is less than 
the Doppler broadening so there are multiple contribu- 
tions to both the A and two-photon Rydberg resonances. 
However, the model does give qualitative insight into the 
properties of the Rydberg dark resonance. In Fig. 3 we 
plot the imaginary part of the coherence between states 
|1) and \2) which determines the probe absorption. The 
thin lines indicate the absorption for different velocity 
classes. The thick red lines indicates the absorption of 
the zero velocity class atoms. The thick black line in- 
dicates the total absorption obtained by summing over 
velocity. Fig. 3(c) shows the difference between the cases 
where the 480 nm laser is on and off, and reproduces 
the shape the observed Rydberg dark resonance seen in 
Fig. 2(b). Fig. [3^a) and (b) show that the narrow con- 
tribution to the Rydberg dark resonance is from the zero 
velocity class atoms, while the wings of the signal arise 
from low velocity atoms. 
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FIG. 3: The absorption (proportional to the imaginary part of 
the density matrix component, <T2i) experienced by the probe 
beam as a function of detuning for a 4-photon Rydberg dark 
resonance with the Rydberg coupling (a) off and (b) on. In (c) 
we show the difference between (a) and (b) , which corresponds 
to the effect of coupling to the Rydberg state as observed in 
the experiment. The specific parameters are: Q21 = O.O272, 
= O.272, ^43 = O.872, A43 = A 54 = 0, 74 = 72 and 
75 = O.OI72. (a) n 5 4 = O.O72 and (b) ft 5 4 = O.872. The 
thin lines show velocities in the range — IO72A1 to +f072Ai 
in steps of O.572A1. The thick red (grey) lines indicates the 
absorption of the zero velocity class atoms. The thick black 
line indicates the total absorption obtained by summing over 
velocity. The curves for each velocity class are multiplied by 
5 so that they can be plotted on the same scale as the sum. 



The interesting feature of the A/"-system Rydberg dark 
resonance is the ability to map the strongly interacting 
character of Rydberg atoms onto a ground state coher- 
ence. To demonstrate this we show that as a result of the 
Rydberg coupling, the A-system resonance has become 
highly sensitive to electric fields. We apply an ac electric 
field with frequency 20 MHz to the copper bar electrodes 
shown in Fig. 1(b), and measure the amplitude of the 
central peak of the Rydberg dark resonance signal as a 
function of the rms field. An ac field is used to avoid the 
effects of charge screening inside the cell [lj| . The results 
are shown in Fig. 4. The Rydberg dark resonance is sup- 
pressed with a field of order 1 Vcm . The shape of the 
curve can be explained by the electric field dependence of 
the 44d 2 D 5 / 2 state which splits into three components 
with the \mj\ = 5/2 component shifting out of resonance 
at a lower field (of order 0.1 Vcm -1 ) and the other two 
components shifting out of resonance at 0.9 Vcm -1 [r|. 
As the polarization scales as the seventh power of the 
principal quantum number, n 7 , an even higher sensitiv- 
ity can be expected for Rydberg states with larger n. 

As the narrow central peak of the Rydberg dark reso- 
nance arises from the zero velocity class atoms, the signal 
could be enhanced either by using cold atoms or if the 
multi-photon resonance could be made Doppler-free. A 
Doppler-free configuration in a thermal ensemble would 
be particularly attractive due to the reduced experimen- 




0.4 0.8 
Electric field (V/cm) 



FIG. 4: Electric held dependence of the Rydberg dark reso- 
nance (RDR) amplitude for n = 44. The RDR signals at 
and 1.1 Vcm -1 are shown inset. Note that the relative height 
of the central peak and the wings is smaller for n — 44 than 
n = 26, Fig. 2(b), due to the lower value of f2s4. 



tal overhead involved in state preparation, resulting in 
much higher 'clock' rate for a practical device. By ex- 
amining the eigenvalues of the 5-level Hamiltonian one 
finds that if A43 3> 72 , such that the 2-photon transition 
to the Rydberg state becomes an effective single-photon 
transition with Rabi frequency ^53 = with 
wavevector k! co-propagating with the A beams, and if 
one balances the Rabi frequencies of the two coupling 
transitions ^53/^32 = (fc'/fci) 1 / 2 , one finds a Doppler- 
free solution, i.e., an eigenvalue that is independent of 
v. Previously, Doppler-free dark states have only been 
identified in a 4-level system for the case where all the 
k vectors are equal [19J. The absorption properties of 
the medium for such a Doppler-free Rydberg dark are 
illustrated in Fig. 5. Since the resonance is Doppler-free, 
all velocity classes contribute to the total absorption or 
transparency and the effect of the Rydberg coupling is 
dramatic. We choose to show the effect of a shift in the 
Rydberg energy level that could arise due to an external 
electric field or Rydberg-Rydberg interactions. When 
the Rydberg coupling is on-resonance, Fig. 5(a), the 
medium is strongly absorbing at A21 = — O.272. But if 
the Rydberg state is shifted out of resonance, Fig. 5(b), 
the medium becomes completely transparent at this de- 
tuning. This means one could use an applied electric field 
to switch the media from opaque to transparent forming 
an electro-optic shutter. Similarly, Rydberg-Rydberg in- 
teractions that give rise to the dipole blockade mecha- 
nism 0, [U, |22L l23l |24| would modify the medium from 
absorbing with a superluminal group velocity for single 
excitation, to transparent with a slow group velocity for 
multiple excitations, resulting in a large non-linearity at 
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FIG. 5: Example of a Doppler-free 4-photon Rydberg dark 
resonance where in (a) the Rydberg coupling is resonant 
(A54 = 0), while in (b) the Rydberg energy level is shifted 
by an external electric field or atomic interactions such that 
A54 = 5O72. The other parameters are: Q21 = O.O272, 

^32 = 0.2572, ^43 = «54 = 2072, A43 = 200072 , 74 = 72 

and 75 = O.OI72. The thin lines show velocities in the range 
— IO72A1 to +f072Ai in steps of O.572A1. 



the single-photon level. 

There are a number of additional points of note in 
this example: First the sensitivity to the Rydberg en- 
ergy level, i.e., A 54 , depends on the decoherence rate 
of both levels 2 and 5, so ones requires A54 > 72 to 



change the properties of the medium. However, this is 
easily satisfied for Rydberg states as the polarizability 
and Rydberg-Rydberg interactions can be large. For ex- 
ample, for an n — 80 s-state in Rb, the van der Waals 
shift between two Rydberg atoms is of order 5O72 at an 
atomic spacing of 5 /im I25j . Second, the detuning from 
the intermediate state in the two-photon transition must 
be larger than the Doppler width which means that rel- 
atively high single photon Rabi frequencies are required, 
i.e., r^4 3 and ^54 72- This could be achieved in a ther- 
mal vapor by focusing the beams in a short cell. Finally, 
the first step of the two-photon excitation of the Rydberg 
state induces an ac-Stark shift such that the resonance 
is slightly asymmetric and shifted to non-zero probe de- 
tuning. This can be avoided by making ^54 > 0,^- 

In summary, we have demonstrated a 4-photon Ryd- 
berg dark resonance with a linewidth of less than 100 kHz 
limited mainly by transit-time broadening. We show 
that resonance can be suppressed by applying an electric 
field of order 1 Vcm -1 , and thereby demonstrate that 
the strongly interacting properties of Rydberg states can 
be mapped onto the ground state coherence. We show 
that the resonance can be made Doppler-free, allowing 
electro-optic switching in a thermal vapor. 

We are grateful to MPA Jones for stimulating discus- 
sions. We thank the EPSRC for financial support. 
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